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By C. Michael Hudson and Herbert F. Hardrath

SUMMARY

A series of fatigue tests with specimens subjected to constant-
amplitude and two-step axial loads were conducted on 12-inch-wide sheet
specimens of 202L4-T3 and 7075-T6 aluminum alloy to study the effects of
a change in stress level on fatigue-crack propsgation. Comparison of
the results of the tests in which the specimens were tested at first a
high and then a low stress level with those of the constant-stress-
amplitude tests indicated that crack propagation was generally delayed
after the transition to the lower stress level. In the tests in which
the specimens were tested at first a low and then a high stress level,
crack propagation continued at the expected rate after the change in
stress levels.

INTRODUCTION

The evolution of the fail-safe design philosophy in aircraft con-
struction has presented designers with a number of new design consid-
erations. One of the most important of these considerations is the
prediction of fatigue-crack propagation rates. A number of investi-
gators have developed empirical expressions for predicting crack propa-
gation rates by using the results of constant-stress-amplitude fatigue
tests. This work has been extended to include tests in which fatigue
cracks were propagated at first one stress level and then another, as
a first step toward the study of effects of the variable-amplitude
loading to which aircraft are subjected. In separate investigations,
Jenney and Christensen (ref. 1) and Schijve (ref. 2) found that high
load cycles succeeded by lower ones produced delays in fatigue-crack
propagation. The present investigation was conducted to provide a
more guantitative evaluation of the delay in fatigue-crack propagation
in 2024-T3 and 7075-T6 aluminum-alloy specimens when these specimens
are tested at two stress levels. These tests are referred to herein



as two-step tests. The delay in crack propatation was measured by com-
paring the results of the two-step tests witli the results of companion
constant-amplitude tests.

SYMBOLS
N number of cycles from crack initiation
Ne number of cycles required to propagete crack to a given length

at stress level in constant-amplitiude tests

No number of cycles required to propagate crack to a given length
at second stress level in two-step tests

Sec stress in constant-amplitude tests, ksi
S, initial stress in two-step tests, kel
So final stress in two-step tests, ksi

SPECIMEN PREPARATTION

The materials for these tests were taker from the special stocks
of 2024-T3 and 7075-T6 aluminum alloys described in reference 3 and
retained at the Langley Research Center for ifatigue testing. The
tensile properties of the materials tested are given in table I. The
specimen configuration used is shown in figuie 1. Sheet specimens
12 inches wide, 35 inches long, and with a ncminal thickness of
0.090 inch were used in this investigation. A l/l6-inch—diameter hole
was drilled at the center of each specimen ard a l/32-inch-deep notch
was cut into each side of the hole with a thread impregnated with fine
valve-grinding compound. The thread was dravn across the edge to be
cut with a reciprocating motion. A very gentle cutting process is
involved in making notches in this manner; ccnsequently the residual
stresses resulting from cutting are believed to be small. The radii
of the notches were within 16 percent of 0.0(5 inch. The theoretical
stress-concentration factor for this configuration was computed to be
7.9 by the method outlined in reference 4,

The surface area through which the crack was expected to propagate
was polished with No. 600 alundum powder to facilitate observation of
the crack. Fine lines were scribed on the specimen with a razor blade
to define intervals along the crack path. Nc stress concentration was
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expected as a result of these scribe lines as they were parallel to the
direction of loading.

TESTING MACHINES

Three types of axial-load testing machines were employed in this
investigation. Fatigue machines operating on the subresonance principle
(ref. 5) were employed for tests in which the applied load did not
exceed 10 kips. The loading rate for these machines was 1,800 cpm. The
cycles counter read in thousands of cycles. A 100,000-pound-capacity
hydraulic fatigue machine (ref. 4) was employed for tests in which the
applied load did not exceed 20 kips. This machine spplied loads at the
rate of 1,200 cpm, and its counter read in hundreds of cycles. A
120,000-pound-capacity hydraulic jack (ref. 6) was employed when the
load was to exceed 20 kips. The Jjack applied load at the rate of 20 to
50 cpm depending upon the magnitude of the load. The cycles counter
read in cycles.

TEST PROCEDURE

Both constant-amplitude and two-step axial-load fatigue tests were
conducted. In the two-step tests the cracks were initiated and propa~
gated to a desired length at one stress level and then propagated to
failure at another. Tests in which the high stress cycles were applied
initially will be referred to hereinafter as high-low two-step tests,
and tests in which the low stress was applied initially will be referred
to as low-high two-step tests. In the constant-amplitude tests, the
fatigue cracks were initiated and propagated to failure at one stress
level.

All the specimens were clamped between lubricated guides similar
to those described in reference 7 in order to prevent buckling should
the specimen be accidentally loaded in compression and to prevent out-
of-plane vibrations during testing. A minimum tensile stress of 1 ksi
was maintained in all tests.

Loads were monitored continuously by measuring the output of a
strain-gage bridge attached to a weigh bar through which the locad was
transmitted to the specimen. The maximum error in loading was *1 per-
cent of the applied load.

In all tests crack growth was observed through 30-power microscopes.
In the two faster testing machines a stroboscopic light was employed so
that crack growth could be followed without interrupting the tests. All



crack lengths were measured from the center of the specimens. The
number of cycles reguired to propagate the crack to each scribed line
was recorded so that the rate of crack propzgation could be determined.

In a number of the low-high two-step tests it was desirable to use
an initial stress level of 6 ksi. Since this stress was so close to the
fatigue limit for the specimen configuratior, it was decided to initiate
the cracks at 10 ksi. The cracks were then propagated to the desired
length at 6 ksi at which point the stress level was raised and the crack
was propagated.

RESULTS AND DISCUSSION

Crack-propagation test results are sumrarized in tables II, 11T,
and IV for low-high two-step tests, high-low two-step tests, and
constant-amplitude tests, respectively. The quantity "number of cycles"
given in these tables and in the figures is the mean of the numbers of
cycles required to produce cracks of equal langth on both sides of the
specimens.

The results of tests conducted at constint-amplitude stress S,

were used as a reference, and all the two-step test data were compared
with these results to determine the effects >f the initial loading S3

on subsequent propagation at a second stress level Sp. This compari-
son was made by plotting on the same figure the variation of crack
length with number of cycles for both the constant-amplitude tests and
the second portion of the two-step tests. Taie starting point for both
curves was the crack length at the time of tie change in stress levels
in the two-step tests. The difference betwe:n the two curves is a
measure of the effect of previous loading history.

Figure 2 shows the plots of the variatisn of crack length with
number of cycles under load for the low-high test series. Inspection
of the figure indicates that crack propagatio n at the second stress
level was not generally affected by previous loading history in either
material.

Figure 3 shows the same type of plots for the low stress portion
of the high-low test series. Comparison of he curves for the con-
stant and two-step tests indicates that cracl: propagation at the
second stress level was significantly delayed in both materials as a
result of previous loading history. Similar results were obtained by
Jenney and Christensen (ref. 1) and Schijve 'ref. 2) in their multi-
step tests. The delay in crack propagation which resulted from previous
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loading in the high-low tests is plotted against the second stress in
figure 4. Examination of this figure reveals that for a given second
stress the higher the initial stress the greater the delay in crack
propagation. The probable cause of this delay in crack growth is the
existence of residual compressive stresses at the tip of the crack at
the time of the change in stress level. It is believed that these
stresses were present as a result of the large amount of plastic defor-
mation which occurred at the tip of the crack during propagation at the
high stress level.

Tt was also of interest to determine whether previous loading
history affected the rate of crack propagation once crack growth had
again started at the second stress level. This determination was made
by a comparison of the number of cycles required to propagate the cracks
equal increments in the high-low two-step tests and in the constant-
amplitude tests with S5 = Sp. The interval over which this comparison

was made began when the crack had propagated 0.1 inch past the crack
length at which the stress levels were changed, and the interval extended
to the point at which the specimens failed. This comparison is shown

in figure 5. The reference line shown on the figure is the locus of
points along which the test points would lie if the rates of propagation
in the constant-amplitude and the high-low two-step tests were the same.
The generally close proximity of the test results to the reference line
indicates that there is little difference between the rates of propa-
gation in the constant-amplitude and two-step tests.

In the high-low test series, the lowest stress at which fatigue

cracks would propagate in 107 cycles was 16 ksi. This stress was
considerably higher than the 10-ksi stress at which fatigue cracks
were initiated and propagated to failure in constant-amplitude tests.
Thus, it appears that the fatigue limit has increased. This result
indicates that specimens subjected to variable-amplitude loadings may
not be damaged by some stress cycles with magnitudes above the normal
fatigue limit of the specimens.

These results help to explain why the linear cumulative-demage
rule freguently produces erroneous estimations of the fatigue life of
test specimens. This rule assumes that damage accumulates at a rate
equal to the percentage of life used at a given stress level. Thus,
this rule cannot predict the observed delay in crack propagaticn and
the resultant increase in fatigue life.

In several instances a great deal of bifurcaticn was observed at
the tip of the cracks following the transition to the second stress
level. In the 2024-T3 specimen tested first at 30 ksi and then 16 ksi,
for example, the crack which finally propsgated to failure at 16 ksi
started behind the tip of the crack produced by the 30-ksi loading
(fig. ©). Figure 7 shows the crack tip after the change in stress



levels for the 7075-T6¢ aluminum-alloy specim=n tested first at 40 ksi
and then 16 ksi. It appears that residual s:resses produced by high
stresses at the crack tip were sufficient to render other portions of
the specimen more vulnerable to fatigue-cracc growth at subsequent
lower stresses.

CONCLUSIONS

Comparisons of the rates of crack propajation in constant- and
variable-amplitude fatigue tests support the following general con-
clusions:

1. When the initial stress level was higher than the second,
crack propagation at the second stress level was delayed. It was also
observed that for a given second stress leve . the higher the initial
stress the greater the delay in propagation. The probable cause of
this delay was the presence of residual complressive stresses at the
tip of the crack which result from plastic deformation near the tip of
the crack during propagation at the initial :stress level.

2. Once crack propagation had commenced in the second step of the
high-low tests, the propagation rate quickly approached that of
constant-amplitude specimens tested at the saeme stress level and con-
taining cracks of equal length.

5. Cracks propagated at the normal rate during the second stress
level in the specimens tested first at a low and then a high stress
level.

L. The fatigue limit of specimens testec at first a high and then
a low stress level was increased following tte application of the ini-
tial loading.

5. The results of these tests help explein why the linear
cumulative-damage rule is often in error. Tris rule assumes that
damage accumulates at a rate equal to the percentage of life used at
a given stress level, and thus cannot predict the observed delay in
propagation and the resultant increase in fatigue life.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., July 11, 1961.
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TABLE T

AVERAGE TENSILE PROPERTIES OF MATERIAL TESTED

2024 -13

Yield stress (0.2-percent offset), ksi . « . . . o .. 52.05

Ultimate strength, ksi . . . . . . T2.14
Total elongation (based on 2- 1nch gage length),

percent . . . . . e e e e e e e 21

Young's modulus, Ksi . . . ... I Ko JR 1 (0]

Number of specimens tested . . . . . . . . . C e e 147

TOT5-T6

75.50
82.94

12
10,220
152
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(a) Specimens of TO75-T6 aluminum alloy.

Figure 5.- Comparison of crack propagation in constant-amplitude and
high-low two-step tests after O.l-inch crack growth at So. Cycles

are those regquired to produce equal increments of crack growth. All
stresses are in ksi.
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(b) Specimens of 2024-T3 alundnum alloy.

Figure 5.~ Concluded.
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Figure 6.- Surface of the 2024-T3 specimen tested first at 30 ksi and
then 16 ksi. (x20)
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Figure 7.- Surface of the TOT5-T6 specimen tested first at 4O ksi and
then 16 ksi. (x26)
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